Polyphenol oxidases (PPOs) are nuclear-encoded chloroplast proteins that are targeted to the thylakoid lumen by a bipartite presequence. The N-terminal part of this sequence is removed by a stromal processing peptidase (SPP), and the resulting intermediate is translocated across the thylakoid and processed to the mature protein. A 4800-fold-purified SPP processed a PPO precursor (pPPO) at a site identical to that occurring in organelle. The in vitro product of SPP action on pPPO was further processed and translocated by thylakoids. This SPP processed other precursors but was inactive toward those of light-harvesting chlorophyll binding proteins. The enzyme appeared to be a metalloendopeptidase, like previously reported SPPs. However, it differed in substrate specificity, apparent size, and, most significantly, cleavage site of pPPO. Whereas the processing sites of lumen proteins determined so far were relatively distant from the hydrophobic core of the thylakoid targeting domain, pPPO was cleaved immediately before this domain. Cleavage removed the twin arginine motif characteristic of thylakoid targeting domains of lumen proteins, which are translocated by the ⌬pH-dependent pathway. The possible significance of these observations to PPO translocation mechanism is discussed. It is suggested that several SPPs may exist in chloroplasts with preferences for different subsets of precursors.
Nuclear-encoded plastid proteins are synthesized in the cytosol. Targeting is conferred by a positively charged transit peptide rich in hydroxyamino acids (1, 2) . The presequence is removed by a stromal processing peptidase (SPP) 1 upon import of the precursor (3) . Some imported proteins are subsequently directed to the thylakoid membrane or lumen. Transit peptides of lumen proteins contain, in addition to the stromal-targeting domain, a thylakoid-targeting domain that is removed by TPP while crossing the thylakoid or immediately thereafter (2, 4) . A single peptidase is believed to be responsible for the stromal processing of all plastid proteins (1, 2) . A partially purified SPP acted on several precursors of plastid proteins (3) . Two polypeptides that processed the precursors of LHCPII and other proteins were purified (5) , and a gene coding for an antigenically related metalloprotease was cloned (6) . The deduced protein (CPE) contained a zinc binding motif, and its relation to subunit ␤ of the mitochondrial processing peptidase was pointed out. Escherichia coli-expressed CPE was reported to process a wide range of protein precursors, including some lumen proteins (7) . Two serine-protease SPPs from Chlamydomonas processed pSSU (8, 9) . One catalyzed the formation of an intermediate form of SSU, and the other formed the mature protein. A consensus cleavage site, (Ile/Val)-X-(Ala/Cys)-2-Ala, was derived from comparing precursors of chloroplast proteins (10) . However, this motif was absent in many cases. In general, SPP cleavage sites lack significant primary sequence similarity or a conserved secondary structure motif (1, 2, 4, 11) . Differences exist between the consensus domain mentioned above and the ones preceding SPP cleavage sites in precursors of lumen (OE23, OE33, and PC) and thylakoid (LHCPII) proteins, in which a Lys residue is often present immediately before the cleavage site. Thus, whereas SPP appears to have a wide specificity, it is possible that several peptidases exist with preference toward subsets of plastid precursors and partial overlap in activity toward various substrates. The SPP cleavage sites in precursors of three lumen proteins (plastocyanin, OE23, and OE33) were determined by Edman degradation after processing in vitro of precursors labeled with specific 3 H-labeled amino acids (12) . In all cases, cleavage occurred immediately after a positively charged residue. Otherwise, the site exhibited no common elements of either primary or secondary structure (12) . However, the charged residue was not essential for cleavage.
PPOs (polyphenol oxidases, or benzenediol:oxygen oxidoreductase (EC 1.10.3.2)) are copper metaloproteins that catalyze the oxidation of o-dihydroxy phenols to quinones (13) (14) (15) . PPO action has been implied in protecting plants against pathogens and herbivores and regulation of the rate of deleterious photo-oxidative reactions in chloroplasts (13) (14) (15) (16) (17) . Plant PPOs are nuclear-encoded, 57-62-kDa chloroplast proteins synthesized as 66 -71-kDa precursors (14) . All pPPOs contain a two-domain transit peptide typical of lumen proteins, being thus the largest lumen proteins described (14, 18 -21) . A 67-kDa tomato pPPO was routed to the lumen in two steps by plastids from a variety of plants (22) . Import to the stroma was followed by removal of the N-terminal domain of the transit * This work was supported by Grant US-2474 -94C from the United States-Israel Binational Agricultural Research and Development Fund. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. peptide. The resulting 62-kDa intermediate continued to the thylakoid lumen by a light-dependent reaction and accumulated as the 59-kDa mature protein (22) .
We report on the purification and some properties of a SPP from pea plastids. It differs in apparent size and other properties from stromal peptidases reported earlier. This SPP was able to process the precursors of tomato PPOs as well as other lumen and stromal proteins. However, it was inactive toward precursors of LHCPs and phytoene desaturase and did not react with antibodies for CPE. It is shown that the in vitro cleavage site of pPPO by the purified SPP is identical to the one observed in the stroma of intact plastids, as determined by Edman degradation. The stromal processing site appears to differ from the ones reported for other lumen proteins.
EXPERIMENTAL PROCEDURES
Plant Material-Pea and tomato seedlings were grown as described previously (22) .
In Vitro Transcription Plasmids-All transcription plasmids contained the entire coding sequence, including the transit peptide, of the respective genes. The coding sequence of tomato ppoA (23) was amplified by polymerase chain reaction, subcloned in the PCRII TM vector of Invitrogen (San Diego, CA), and transferred into pSP64poly(A)XmnI using the XbaI and SacI sites. The latter vector was formed by changing the EcoRI site of pSP64poly(A) (Promega) to a XmnI site, to enable linearization. ppoC and ppoE from tomato were cloned into the SmaI site of pSP64poly(A)XmnI. The L68M mutant of pPPOA had a Met instead of Leu at position 68 of the transit peptide. It was prepared by replacing nucleotides 176 -662 of the coding sequence (23) with a polymerase chain reaction product in which CTT coding for Leu 68 was replaced by ATG. The transcription plasmids harboring tomato ppoB, Lemna Cab30, pea Cab80, Cab8 (encoding a tomato LHCPI type-III), spinach psaD, cDNA clones encoding wheat pOE23 and pOE33, and a plastocyanin gene from Silene parthensis have been previously described (Refs. 22 and 24 -30, respectively). The cDNA encoding a tomato phytoene desaturase (31) was cloned into pGEM7Zf (Promega) after creating a new BamHI site, 59 base pairs before the translation initiation site. The gene encoding pSSU of Rubisco was cloned in pSP81/4 (32) .
In Vitro Transcription and Translation-Cesium chloride-purified plasmid DNAs were linearized with the appropriate restriction enzyme, except for the plasmids harboring the OE23 and OE33 clones. Linearized DNA was purified and transcribed as described (22, 27) . The resulting RNAs were purified and translated using rabbit reticulocyte lysate (PPO precursors and pPDS) or wheat germ system (all other precursors) as described (22) .
Expression in E. coli-The coding region of ppoA was cloned into pDS12-RBSII-2 (33) . pPPOA was overexpressed, and inclusion bodies were purified as described (33) . Radioactively labeled pPPOA was prepared by adding a 35 S-labeled L-cysteine/L-methionine mixture (Amersham Pharmacia Biotech) to bacteria grown on a sulfur-deficient medium. pPPOA was solubilized using 8 M urea, 8 mM dithiothreitol and diluted to 400 mM urea, 3 mM dithiothreitol immediately before use.
Isolation of Chloroplasts and Sub-organelle Fractions and Import and Thylakoid Translocation Assays-Chloroplasts isolation, import of radioactively labeled precursors by intact plastids, and the subsequent analysis of suborganelle fractions, including thermolysin treatment, were performed as described previously (22) . Translocation across thylakoids was assayed with membranes obtained after lysing intact plastids as described (34), using 10 g of chlorophyll, 1 mM L-methionine, and 30,000 cpm of 35 S-labeled pPPOA in a total volume of 20 l in light. Purification of SPP-Purification from stromal extracts, obtained after lysing intact plastids, is described in the legend to Fig. 2 .
SPP Activity-Processing was determined after incubating enzyme fractions in 50 mM Hepes/KOH buffer pH 7 at 25 o for 30 min, with 30,000 cpm of 35 S-labeled pPPOA. Activity was estimated by densitometry of fluorograms after SDS-PAGE. It was expressed as cpm in the intermediate band (iPPO) derived from the density of the translation products band and occasionally verified by extracting and counting the radioactivity in gel strips as described previously (35) .
Edman Degradation of the 62-kDa Intermediate-Labeled pPPOA or pPPOE was prepared by in vitro translation of the respective mRNAs in the presence of high specific radioactivity (40 -190 
onine. The labeled precursor was processed in vitro by purified SPP or in the stroma of intact plastids in the presence of 5 mM MgATP and 15 M CCCP in the dark, to prevent translocation to the lumen and further processing. The resulting intermediate was purified by SDS-PAGE (while adding thioglycolate to 100 M to the upper buffer) and electrotransferred to a polyvinylidene difluoride filter (Immobilon-P SQ , pore size, 0.45 M, Millipore Membranes) in 100 mM CAPS buffer, pH 11, containing 10% methanol. The 62-kDa band was located by autoradiography or by counting strips of the filter for radioactivity. It was excised and lysozyme (25 pmol per analyzed band) added as a reference for the fidelity of degradation. The radiolabeled polypeptide was analyzed with a 476A protein sequencer (Applied Biosystems, Foster City, CA) equipped with an on-line phenyl thiohydantion analyzer linked to a fraction collector. Each cycle fraction was counted for 3 H or 35 S radioactivity.
Other Techniques-SDS-PAGE was performed as described previously (22, 35) . Silver staining of gels was performed according to Blum et al. (36) . Chlorophyll and protein determination were carried out as described earlier (37) . Western blot analysis was performed as described (22) using the anti-FtsH antibodies described by Lindahl et al. (38) or anti-CPE (6) and the ECL Western blotting system (Amersham Pharmacia Biotech) for visualization.
RESULTS
The 62-kDa intermediate of pPPOA processing by intact plastids was readily observed when import was slowed down or thylakoid translocation interfered with. When plastids were incubated with MgATP, either in the dark with CCCP or with nigericin in light to collapse the ⌬pH, only iPPOA was formed (Fig. 1A) . When the factor blocking thylakoid translocation was removed, e.g. by illuminating plastids that had carried out import in the dark, or removing CCCP with bovine serum albumin followed by illumination (39) , iPPOA that had accumulated in the stroma was converted to the lumenal 59-kDa mature form (Fig. 1A, lanes 2) . Results also suggested that light was required for translocation across thylakoids or processing by TPP, not for the interaction of iPPO with the membrane (Fig. 1A) . Lysed plastids converted iPPO that had accumulated in darkness to mature PPO in light. The latter remained bound to thylakoids upon fractionation (Fig. 1B) and was resistant to thermolysin (not shown). Preparations of stromal proteins from pea, tobacco, or tomato cleaved the 67-kDa precursor of PPOA to a form that co-migrated in SDS-PAGE with iPPOA produced by intact plastids (not shown). Stromal extracts from pea plastids were most active, as they were toward precursors of other plastid proteins: PC, PsaD, SSU, OE23, and OE33 (not shown). The SPP presumed to be involved in the first processing step of pPPO routing was purified from pea chloroplasts. The stromal extract obtained by lysing intact plastids was fractionated on a sucrose gradient that separated SPP from Rubisco and other major plastid proteins ( Fig. 2A) . SPP was further purified by two consecutive HPLC runs on Resource Q (Fig. 2, B and C) , resulting in an overall purification of 4800-fold in the purest fraction (Table I ). This value is probably an overestimate because iPPO degradation by stromal proteinases takes place in crude extracts. When fractions 6 -8 ( Fig. 2C) were pooled and rerun on SDS-PAGE, the silver-stained gel showed a major band (estimated molecular mass, 75-80 kDa) and few minor contaminants upon overstaining (Fig. 2D) . This fraction was not recognized by antibodies prepared against FtsH and CPE, which did react with a doublet of thylakoid proteins in the first case and another doublet around 140 kDa in stromal extracts, in the other (not shown). The product of pPPOA cleavage by purified SPP co-migrated with in organelle-accumulated iPPO (Fig. 2E) .
The highly purified SPP cleaved all six precursors of tomato PPO (four are shown in Fig. 3 ). It was also active toward precursors of other nuclear-encoded plastid proteins, targeted to either the stroma (the SSU of Rubisco), thylakoid membrane (PsaD), or lumen (PC, OE23, and OE33), forming products of the expected size. The purified SPP was unable to process precursors of thylakoid proteins, e.g. PDS, LHCPI, and LHCPII (Fig. 3) . It seemed possible that intrinsic thyalkoid proteins require interaction with a stromal factor or proper integration into the membrane before processing by SPP could take place. However, adding stromal proteins did not facilitate processing of pLHCPII. When pLHCPI and pLHCPII were first inserted into isolated thylakoids and then exposed to purified SPP, no processing was observed (not shown). Up to 90% of pPPOA was converted to the 62-kDa intermediate during a 1-h incubation with purified SPP (not shown). The enzyme was active over a wide pH range with maxima around pH 7.0 and 8.5 (not shown). It was inhibited by 1,10-o-phenantroline and ␣,␣Ј-dipyridyl but not by EDTA and inhibitors of serine-or thiolproteases (Table II) . Processing of all pPPOs was inhibited by low concentrations of Cu 2ϩ (cf . Table II for pPPOA). Inhibition was probably due to interaction with the copper binding domains of PPO and prevention of unfolding (40) . A similar effect was observed for the import of PPO by isolated chloroplasts (22, 40) . The 62-kDa form produced in vitro by the action of purified SPP was converted to the mature form by isolated thylakoids from pea and tomato (Fig. 4) . In tomato, some degradation to a 45-kDa form (cf. Ref. 14) was observed (Fig. 4B) . Conversion was enhanced in illuminated membranes (Fig. 4A) . iPPO that had accumulated in intact plastids in darkness, isolated, and presented to thylakoids, was converted to mature PPO (not shown).
The site at which pPPO was cleaved in vitro by purified SPP was determined by Edman degradation of the 62-kDa form. The intermediate was isolated by SDS-PAGE, after purified SPP was allowed to process pPPOA or pPPOE labeled with specific 3 H-labeled amino acids, and electrotransferred to a polyvinylidene difluoride membrane. Results are shown for pPPOA and three of the 3 H-labeled amino acids employed (Fig.  5, B and C ) seemed unusual compared with that of other lumen proteins (see under "Discussion"). Furthermore, the use of 3 H-labeled amino acids resulted in low counts per degradation cycle, which added to the uncertainty regarding the apparent cleavage site. We resorted, therefore, to labeling with [ 35 S]Met of much higher specific activity to enable sequencing of iPPO formed within intact plastids. Because no tomato pPPO contains Met residues in suitable positions, Leu 68 was replaced by Met in pPPOA, and the iPPO formed in vitro by purified SPP or within plastids in darkness, in the presence of CCCP, was analyzed. Fig. 5D shows that the mutant PPOL68M precursor was imported, processed, and sorted by pea plastids similarly to the wild type and cleaved by purified SPP. Edman degradation of the resulting iPPOAs confirmed that Lys 66 -2-Val 67 is the major processing site both in vitro and in the intact organelle (Fig. 5E) . A secondary peak at cycle 20 of the purified SPP reaction corresponded with additional cleavage before Val 49 .
FIG. 2. Purification of the pPPO-processing activity from the stroma of pea chloroplasts.
A, intact plastids were lysed in 20 mM Tricine, pH 8.5. Aliquots (250 l, 3.4 -3.8 mg of protein) were fractionated by ultracentrifugation in 5-30% sucrose gradients in 0.1 M Tricine-KOH, pH 8.5, containing 1 mM PMSF. Fractions were analyzed for SPP activity on 35 S-labeled pPPOA and Coomassie staining after SDS-PAGE. B, fractions 3 and 4 were pooled from six sucrose gradients and chromatographed on a Resource Q column, eluting with a 0 -600 mM NaCl linear gradient in 20 mM Tricine-KOH, pH 8.5. Fractions were analyzed as in A (only the relevant part of the run is shown). C, fractions 7-9 from B were pooled and concentrated, and 300 l (430 g of protein) were chromatographed again on a Resource Q column, eluting with a 400 -600 mM NaCl linear gradient. D, silver staining of fraction 7 from C (left lane) and molecular mass markers. Other details were as in B. The position of molecular mass standards (bars) and suspected SPP bands (arrows) are indicated. E, product of pPPOA cleavage in vitro by highly purified SPP (0.1 g) and iPPO accumulated within isolated plastids (as in Fig. 1, stroma, lane 1) . tp, 10,000 cpm of translation products. Precursor (p) and intermediate (i) forms of PPOA are indicated.
DISCUSSION
The routing of PPOs follows the pattern of other nuclearencoded lumen proteins (22, 40) . The 62-kDa stromal form of PPO observed in previous work and further studied in this paper appears to be an authentic intermediate in the routing of PPO. This is demonstrated by the following points: (a) the precursor-intermediate-mature relationship observed between the three forms of PPO (22); (b) the fate of the 62-kDa form when transport is resumed after interruption (Fig. 1) ; and (c) the fact that the product of SPP action is translocated and further processed by isolated thyalkoids (Fig. 4) . The SPP of which the partial purification is described (Fig. 2) is apparently the major peptidase responsible for the processing of pPPO within the plastid prior to its translocation into the lumen. The major product of its action on pPPO in vitro is identical to iPPO formed within the organelle (Fig. 5, B and E) . This product could undergo translocation and processing to mature PPO by isolated pea and tomato thylakoids (Fig. 4) . In addition to pPPOs, SPP cleaved the precursors of most other chloroplast proteins examined to the expected size product, except those of intrinsic thyalkoid proteins (Fig. 3) . With some precursors, notably pSSU, pOE23, and pPC, additional cleavage products were observed (Fig. 3) . In the case of pSSU, it could reflect the two processing steps observed earlier (cf. Refs. 1 and 2). Others might be products of proteinases present in the wheat germ extract used for translation, as suggested by comparing the lanes incubated in the absence and presence of SPP. Yet another cause could be the possible existence of multiple processing site motifs, similar to the ones present in pPPO. These are evident in the case of pOE23 (cf. Is the SPP described here related to other SPPs or does it constitute an altogether different enzyme? Like other SPPs, it processes a variety of nuclear-encoded plastid protein precursors, has a wide pH optimum, and is inhibited by 1,10-ophenantroline ( Fig. 3 and Table II ). The inhibition of SPP by Cu 2ϩ is specific to PPO (Table II and Ref. 22 ). The processing of other precursors, including PC, a copper protein, remains unaffected (not shown). We assume that inhibition results from binding to the copper domains of PPO (23), resulting in a conformation that is less accessible to SPP. The apparent size of SPPs differs among reports: 180, 240, and 140 -145 kDa (3, 5, 6, 41) . Ours has an apparent molecular mass of 75-80 kDa.
Several endopeptidases were reported to affect precursors of nuclear-encoded plastid proteins. Four plastid endopeptidases that cleaved pPC into distinct products were observed in pea chloroplasts (42) , in addition to the stromal enzyme described earlier (43) . Only two of the five, SPP and TPP, were apparently involved in the routing of pPC. A thylakoid-bound homologue of the bacterial protease FtsH was recently characterized from spinach chloroplasts (38) , and two stromal proteins related to other bacterial proteases were described (44) . Our SPP might be involved in protein degradation, unrelated to protein sorting. Of the several endopeptidases described, FtsH is the most likely candidate due to its size (78 kDa) and sensitivity to inhibitors (38) . However, FtsH is thylakoid-bound, and its activity is ATP-dependent. Our SPP is soluble, is ATP-independent, and was not recognized by antibodies against FtsH. These antibodies reacted strongly with a doublet of protein bands (around 70 kDa) in pea thylakoids but not with the stromal fraction or purified SPP (not shown).
Apart from size, the major difference between the SPP that we have isolated and the CPE characterized by Lamppa and co-workers (5-7, 41, 45, 46) concerns the ability to process LHCPII. Lamppa and co-workers extensively studied a soluble SPP that cleaved both pLHCPII and a variety of other protein precursors. Although some precursors were efficiently processed, others were cleaved at markedly lower rates (45) . E. coli-expressed CPE processed a variety of plastid protein precursors, including OE33 and PC (7). Our SPP was unable to process any of several pLHCPIIs examined, nor was it able to process pLHCPI or pPDS, another thylakoid protein (Fig. 3) . Our peptidase might be a degraded, dissociated, or modified form of the enzyme described by Lamppa and co-workers (5-7, 41, 45, 46) . Alternatively, a cofactor that ensures pLHCPII integration or processing might be missing. However, because addition of stromal extracts did not support pLHCPs or pPDS processing and antibodies against CPE were inactive toward our purified SPP, we conclude that the two are apparently unrelated.
A major difference between the PPO-processing SPP and the one described by C. Robinson and co-workers (12) lies in their apparent processing site. The latter (12) cleaved pOE23 and pOE33 a fair distance (18 and 33 amino acid residues) ahead of the hydrophobic core of the thyalkoid-targeting domain. The precursor of PC was cleaved only 5 residues before the hydrophobic domain, resembling the situation in Cyanobacteria, where lumen proteins usually have few amino acid residues preceding this domain (see, for example, Table III Integration of thylakoid proteins and translocation of lumen proteins takes place by at least four pathways: Sec-, ⌬pH-, and SRP54-dependent ones and another, which does not depend on cofactors (2, 4) . Apart from the positively charged residue, which usually precedes the SPP cleavage site, lumen proteins translocated by the ⌬pH-dependent pathway carry a conserved twin Arg motif immediately before the hydrophobic core. It was suggested that this motif is important for securing translocation by the ⌬pH-pathway (47). Lumen proteins recognized by the Sec system usually contain one Lys residue at the same position (4) .
The sequence of the transit peptide of PPOA has features reminiscent of precursors carrying a "transfer peptide" that cross thylakoids by the ⌬pH-dependent system (4). It contains a twin Arg motif immediately before the hydrophobic core and a VSCK motif, 15 amino acid residues upstream of it (cf. Fig.  5A ). pOE23s from wheat, spinach, and mustard, for example, are cleaved by SPP immediately after VVCK, IVCK, and LVCK, respectively, located 13-16 residues from the twin Arg. Because thylakoid translocation of PPOA exhibits several characteristics of the ⌬pH-dependent pathway, 2 we expected cleavage to occur at VSCK2VINN. The major cleavage site observed with pPPOA for both SPP and in organelle processing-immediately before the hydrophobic domain, one residue after the twin Arg motif-is therefore rather unusual. It might represent an altogether different translocation mechanism from the ones already described. Alternatively, it might reflect an ability of PPO to translocate by more than one pathway, depending on conditions within the chloroplast. The possibility of alternative transport systems or redundancy in translocation across thylakoids was recently brought up, based on the effects of azide on nigericin-inhibited processing of OE17 (48) . It is interesting to note that import of pPPOA was affected by both nigericin (Fig. 1) and azide. 2 The apparent ability of the partially purified SPP to cleave pPPOA at both sites supports such a possibility (Fig. 5) . Modification of either putative cleavage site caused accumulation of an intermediate in the stroma of intact plastids. Both were converted to mature PPO by isolated thylakoids under certain conditions. 2 Why is the first cleavage product (iPPOI) not observed in intact plastids? We suggest that under normal conditions, when the ⌬pH pathway is sufficiently active, iPPOI is promptly translocated and processed by TPP. When the translocation rate is relatively slow, further cleavage, past the twin Arg motif, will enable Sec-dependent translocation to take place. A Lys residue, suggested to confer "Sec-avoiding" properties, is often present downstream of the lumen targeting domain of proteins that are translocated by the ⌬pH pathway (49) . It is interesting to note that pPPOs lack such a residue. What is the significance of the apparent ability of pPPOs to cross the thylakoid by both the ⌬pH-and the Sec-dependent pathways? The intermediate(s) could be active enzymatically upon binding Cu 2ϩ . This would be undesirable due to the reactive nature of the products of PPO action (13, 14) . In addition, high rates of PPO synthesis and import might be important upon herbivore or pathogen attack or following wounding (14, 50, 51) . If induction of PPO synthesis occurs when the ⌬pH-dependent pathway is relatively inactive, e.g. in darkness, the contribution of an alternative pathway might become important. Finally, is there a single general stromal processing peptidase or several SPPs with different preference to subsets of precursors exist? Accumulating data point to more than one enzyme or at least to several forms, perhaps different combinations of subunits or interaction with cofactors or other proteins.
